Currently, obesity is a predominant medical condition and an important risk factor for the development of several diseases, including type 2 diabetes mellitus. Importantly, most research has indicated lipid-induced insulin resistance in skeletal muscles is a key link between the aforementioned pathological conditions. PGC-1α is a prominent regulator of myocellular energy metabolism orchestrating gene transcription programming in response to numerous environmental stimuli. Moreover, it is widely acknowledged that mitochondrial metabolism (primary metabolic target of PGC-1α) disturbances are widely acknowledged contributors to type 2 diabetes development. Therefore, it seems surprising that the exact physiological contribution of PGC-1α in the development of insulin resistance in skeletal muscle remains poorly understood. This review aims to reconcile these allegedly different findings by looking for a common denominator in the role(s) of PGC-1α in respect to lipid-induced insulin resistance in skeletal muscle. Our scrutiny of the literature indicates that interventions at the level of PGC-1α may exert beneficial effects on myocytes in respect to lipid-induced insulin resistance. The latter takes place as a result of a positive net energy balance (fatty acids oxidation surpassing their accumulation rate). Moreover, the aforementioned effects may not necessarily be limited to physically active states. They seem to occur, however, only within a physiologically observed range in muscle cells (approximately 1-fold changes in PGC-1α protein expression).
Introduction
Obesity is currently a predominant medical condition because for several dozens of years an alarming increase in its prevalence has been observed. Currently, according to the World Health Organization (WHO), approximately 1.9 billion adults are overweight, and over 30% of these individuals are obese [1] . Unfortunately, raised body mass index (BMI) is an important risk factor for the development of several diseases, including insulin resistance (IR) and type 2 diabetes mellitus (T2DM) [1, 2] . Moreover, a particular emphasis has been placed on lipidmediated impairments of the insulin sensitivity in skeletal muscles because the vast majority (approximately 80%) of ingested glucose is utilized by myocytes, thus greatly affecting the whole body glucose clearance [3] . Although the exact causes of IR are still a matter of intense debate, the available literature data indicate an imbalance between an excessive cellular free fatty acids (FFAs) influx and an insufficient myocyte oxidative capacity as the most probable source of its origin [4] [5] [6] . The resultant lipid overload, especially for diacylglycerol (DAG) and ceramide (CER), directly interferes with myocellular insulin signal transduction [7, 8] . It seems that affecting either the influx of FAs into the cell or their oxidation is still promising, despite debatable, therapeutic approaches. Both these aforementioned processes are tightly regulated by a set of nuclear receptors called peroxisome proliferator-activated receptors (PPARs) [9, 10] . PPARγ coactivator 1-α (PGC-1α) is one of the best characterized regulatory proteins, and it interacts with numerous nuclear receptors (including PPARs) and regulates various aspects of cellular energy metabolism, mainly via the regulation of mitochondria number and functions [11] [12] [13] [14] . Interestingly, recent data imply that PGC-1α is also involved in the uptake, storage and turnover of glucose and FFAs [15, 16] . This review focuses on the recent advances in research on the role of PGC-1α in the development of skeletal muscle insulin resistance.
The lipid-centric view of insulin resistance
The relationship between body fat deposits and the resulting insulin resistance is now well established, because it has been extensively studied in human and animal models [2, 17] . With a prolonged positive caloric energy balance, which frequently occurs in obesity, the adipocyte storage capacity is exceeded, which results in an increase in plasma long chain fatty acids (LCFAs) content and subsequent ectopic lipid accumulation [17] . This phenomenon, namely the accumulation of bioactive lipids in the not adapted for this purpose peripheral tissues (e.g. liver, heart and skeletal muscles), was termed lipotoxicity and it is acknowledged as a major factor that causes dysfunctions in insulin signaling [17] [18] [19] . Moreover, it was demonstrated that even a short, overnight intravenous lipid infusion leads to a significant elevation in the intracellular lipid content (IMCL) and subsequent reductions in muscular insulin sensitivity [20] . Nonetheless, the exact cellular mechanism of the action of lipids still needs to be determined. One should also be aware of a particular metabolic paradox, namely that the aforementioned negative correlation between the IMCL amount and muscular insulin sensitivity was observed only for average sedentary subjects. In the case of trained athletes, however, this does not seem to be true, because in these individuals, the increased lipid content is accompanied by well-preserved insulin responsiveness [21] . For these reasons, most authors highlight the intermediate lipid metabolites, mainly DAG and CER, but not simple myocyte lipid overload as a probable direct cause of insulin resistance [7, 8, 22] .
Bioactive lipid intermediates and insulin signaling pathway
The amount of scientific literature concerning the diacylglycerol-and ceramide-induced disruption of the insulin signaling pathway [7, 8, 18, 23] , with their key routes depicted in Fig. 1 , is growing. The increased level of both lipid fractions has been reported in the muscular tissue of obese humans and rodents [24, 25] . Furthermore, interventions aiming to reduce the synthesis of CER [23, 26] and/or DAG [8] have proven successful in restoring insulin sensitivity in skeletal muscles. Moreover, some beneficial effects of exercise training have been attributed to reductions in muscular DAG and CER content [25] . Intramuscular DAG accumulation is believed to disrupt the insulin signaling cascade via the activation of conventional and novel protein kinases (PKCβ, PKCδ, and PKCθ), which in turn deactivates the insulin receptor substrate (IRS-1) protein by the phosphorylation of its serine residue [8, 24] . However, the relationship between the DAG concentration and IR seems to be more complex because not all studies have found direct interactions [27] . Perhaps this is due to different levels of DAG fatty acids saturation status, with mono-and polyunsaturated FAs species favoring insulin sensitivity [28] . On the other hand, the actions of ceramide in respect to insulin signaling pathway, seem to be more diversified [7] . The over-accumulation of ceramide activates cytosolic protein phosphatase 2A (PP2A) which promotes the dephosphorylation of serine (Ser
473
) and threonine (Thr 308 ) in PKB disabling its translocation to the plasma membrane [7] . Secondly, it interferes with the phosphorylation of PKB (via PKCζ) thus leaving PKB in an inactive state and preventing further insulin signal transduction [7, 29] . In addition, ceramide may also activate c-Jun N-terminal kinase (JNK), a well-known protein kinase involved in inflammatory responses [7, 25] . However, Lee and co-workers [30] have demonstrated in an immuno-compromised rodent model (Jun NH(2)-terminal kinase-deficient mice), that a short term (3 days) high fat diet (HFD) feeding was able to induce IR, independent of inflammation. Therefore, it seems that the last of the discussed mechanisms is more important once obesity is established and not in the early stages of lipid-induced insulin resistance [25, 30] . Interestingly, some reports have indicated that CER may also exert an influence on the fluidity of the plasma membrane, thus impairing the translocation and fusion processes of glucose storage vesicles (GSV) [7] .
PGC-1α and insulin resistance in skeletal muscle
PGC-1α is a prominent regulator of cellular energy metabolism orchestrating gene transcription programming in response to numerous environmental stimuli. In skeletal muscles it is specifically involved in a wide range of different processes including: fiber type phenotype, muscle mass maintenance, angiogenesis and neuromuscular junction remodeling [11, 31] . However, the main and best studied role of PGC-1α in myocytes is the regulation of mitochondrial substrate utilization [11] [12] [13] . Amongst the most important targets of PGC-1α in skeletal muscles are: nuclear respiratory factors (NRFs), estrogen related receptors (ERRs) Fig. 1 . Bioactive lipid species and insulin signaling pathway. Adopted from [29] . [11] . Both NRFs and ERRs are indispensable for mitochondrial proliferation and cell respiration; whereas PPARs are vitally involved in the regulation of carbohydrate, protein and lipid metabolism [11] . Interestingly, the antidiabetic drugs, metformin and thiazolidinediones, exert some of their therapeutic properties via PPAR activation [32] .
Cell Physiol
There are several distinct genetic variants of PGC-1α, and some of them are correlated with the onset of insulin resistance and type 2 diabetes [12, 33, 34] . Additionally, either PGC-1α itself or its target genes are frequently downregulated in human [35, 36] and/or animal models of diabetes [37] . Moreover, mitochondrial metabolism (primary metabolic target of PGC-1α) disturbances are widely acknowledged contributors to the development of type 2 diabetes [11] . Therefore, it seems even more surprising that the exact physiological role of PGC-1α in the development of insulin resistance in skeletal muscle remains poorly understood. A study conducted by Lin and co-workers has shown that PGC-1α null mice are insulin sensitive not only on a standard rodent chow diet, but also when challenged with a high caloric regime [38] . The reason for this may lay in the complex tissue-divergent role of PGC-1α. The aforementioned mice, for example, were also lean and hyperactive which suggests that central nervous system (CNS)-specific actions may override the influence of PGC-1α on metabolism in the peripheral tissues [38] . For these reasons, we decided to limit the scope of our review to research examining the role of PGC-1α in the peripheral tissues, namely skeletal muscles (Table 1) .
Careful review of the literature data (Table 1) indicates that PGC-1α found in skeletal muscle may perform a few quite different cellular actions in respect to fat metabolism. First, the coactivator seems to regulate both ends of the energetic metabolic spectrum, i.e. anabolic (uptake and storage) and catabolic (utilization). In general, PGC-1α increases lipogenesis and lipid accumulation by upregulating a set of cellular processes. It upregulates: 1) fatty acids transport -by changing the expression patterns of: fatty acid translocase (FAT/CD36) [15, 16, [39] [40] [41] , fatty acid transport proteins (FATP-1, 4) [39, 41] , plasma membrane Fatty Acid Binding Protein (FABPpm) [16] , and lipoprotein lipase (LPL) [15] . It also upregulates FA biosynthesis -by influencing the activities of: fatty acid synthase (FAS) [39, 42] and acetyl-CoA carboxylase (ACC) [15, 42] . On the other hand, it also stimulates fatty acid usage by increasing the number of mitochondria [16, 40, 43] and/or their intrinsic oxidative capacity [15, 29, [41] [42] [43] . Interestingly, some studies have suggested that PGC-1α overexpression may predispose individuals towards greater lipids utilization at the expense of carbohydrates, either during rest [43] or exercise [41] . Perhaps this dualistic nature of PGC-1α (simultaneous fatty acids uptake/storage and oxidation) reflects its important physiological role in metabolic adaptations to physical exercise because in the muscles of athletes, both the concentration of lipids and oxidative capacity are concomitantly increased [44] . However, because of inconsistent data, it is far more difficult to define the net effect of PGC-1α stimulation, whether there is an energy storage [15] or utilization prevalence [42] ( Table 1) . Some of the presented data indicate that PGC-1α exerts its positive influence, by lowering myocellular lipid accumulation, only during regular stimulation by physical activity [15, 40] . For example, Choi et al. [40] demonstrated that in sedentary animals the musclespecific overexpression of PGC-1α was accompanied by decreases in glucose uptake and glycogen synthesis together with an increase in lipids accumulation (increased TAG content). Moreover, the authors reported an increase in membrane/cytosol DAG ratio followed by enhanced PKCθ activity and its translocation from the cytosol to the plasma membrane (Fig. 1) [40] . On the contrary, Summermatter et al. [15] indicateds that although PGC-1α transgenic mice did suffer from the accelerated development of IR, they also gained greater benefits from physical activity. If it were true, and PGC-1α positive effects were limited to only physically active states, then its pharmacological targeting would be of little practical value to obese individuals who are usually characterized by sedentary behavior and a reluctance towards physical activity. The aforementioned data, however, seem to be contradicted by the studies of Espinoza et al. [42] and Benton et al. [16] . In the latter study, it was indicated that PGC-1α may improve lipid metabolism (decrease the intracellular amount of TAG, DAG and CER) in the muscles of sedentary obese Zucker rats [16] . It is hard to explain these suggestion because the dose response relationship is a well-documented phenomenon with respect to drugs [45] , hormones [46] and regulatory proteins [47] . Moreover, other studies examining the relationship between the protein expression of PGC-1α and the muscle fiber type indicate that relatively small changes (approximately +/-1-fold) in the coactivator content are sufficient to confer different muscular oxidative properties [48, 49] . Therefore, it seems that even a relatively small shift in the PGC-1α abundance may exert a significant physiological role. Keeping this in mind we recently conducted a study measuring the effects of modest PGC-1α silencing (a -24% decrease in protein content) in skeletal muscle cell lines [29] , which appeared to confirm some of the findings of Benton et al. We revealed that the intracellular lipid content increased for TAG (+75%), but not DAG nor CER. Importantly, this change seems to be caused by the decreased oxidative capacity for FAs, as confirmed by the reduced levels of cytochrome C (Cyt C), beta-hydroxyacyl-CoA dehydrogenase (β-HAD) and AMP activated protein kinase activity (pAMPK/AMPK ratio). Moreover, we found no evidence for the increased uptake of FAs, as there was no change in the expression of total fatty acid transport proteins nor basal palmitic acid uptake, and only limited support for an increase in lipogenesis, as there was an increase in FASN expression accompanied by a possible decrease in ACC activity [29] . Therefore, it seems that the modest down-regulation of PGC-1α mimics the symptoms observed in the early stages of the development of insulin resistance. Moreover, in accordance with the suggestions of Benton et al. [16] , modest interventions (< 100%) of the PGC-1α protein level may have therapeutic properties by changing the rate of mitochondrial FA oxidation without a subsequent increase in their uptake, storage and/or synthesis.
Additionally, most of the discussed research did not test the possible compensatory effects exerted by other members of PGC-1 family [PGC-1β and peroxisome related coactivator (PRC)]. This may be of particular importance, however, because some studies have indicated the possible synergistic actions of these coactivators. Lai et al. [50] , for example, demonstrated that both PGC-1α (PGC-1α -/-) and PGC-1β (PGC-1β -/-) deficient mice presented only mild developmental disorders in their heart functions. Conversely, strikingly different situation occurred in the case of concomitant deficiency of the pair of coactivators. The aforementioned PGC-1αβ(-/-) phenotype was lethal with pronounced heart defects (bradycardia, intermittent heart block and significantly reduced cardiac output) [50] . This report indicated that both PGC-1 coactivators regulate at least partially overlapping metabolic programs potentially activating collateral 'rescue pathways'. However, much less is known about the possible convergent and/or compensatory effects of PGC-1α and its third homolog, PRC.
Thus it seems that despite almost 20 years of research [51] , and a significant improvement in our understanding of PGC-1α biology, the exact role of this coactivator in lipid-induced insulin resistance in skeletal muscle still remains to be determined.
Conclusions
In summary, PGC-1α is an important regulatory protein that is substantially and dually involved in the regulation of skeletal muscle energy metabolism. It simultaneously triggers the expression of genes involved in lipid transport/storage as well as their utilization, thus potentially reflecting its important physiological role in metabolic adaptations to physical exercise. It was postulated that the beneficial effects of PGC-1α in myocytes (a positive net energy balance as a result of fatty acids oxidation surpassing their accumulation) are limited only to physically active states. Whether this is accurate needs further investigation. With this in mind there are few things to note. Most of the previous research focused on high (up to +21-folds) levels of PGC-1α overexpression [16, 48] . Any research targeting PGC-1α expression should evaluate the levels of its closest structural homologs (PGC-1β and PRC) to exclude the possibility of compensatory effect(s). Additionally, different PGC-1α splice
